Abstract. Calmodulin (CaM) is a multifunctional receptor of intercellular Ca
Introduction
As a multi-functional receptor of intercellular Ca 2+ , calmodulin (CaM) mediates many physiological processes regulated by Ca 2+ . CaM is extensively localized in almost all tissues of vertebrates, plants and prokaryotes. This protein is especially rich in the brain and some endocrine organs (1) . CaM has been shown to play different roles in different tissues and cells, under different physiological conditions or at different developmental stages. In addition, actin is a ubiquitous cytoskeletal protein, which is mainly involved in the formation of microfilaments and maintains normal cellular functions with the assistance of intermediate filaments and microtubules (2) (3) (4) . As a cytoskeletal protein, actin plays an important role in cell growth and development, which not only closely correlates with cell morphology, but also participates in multiple functions such as cell movement, substance transport, as well as cell division, differentiation and gene expression (3, 5) .
It has been shown that alteration of the intracellular Ca 2+ concentration is closely related to the function of actin (6) . Therefore, CaM, a Ca 2+ receptor should also affect the function of actin (7) . However, it is not clear whether this correlation exists in the directed differentiation of rat cerebral cortical neural stem cells (NSCs) into neurons. In this study, immunohistochemistry, RT-PCR and image analysis technology were conducted to detect the spatial expression of CaM and its action during the process of rat neuron-oriented cerebral cortical NSC differentiation. Immunofluorescence dual-labeling technology was used to label CaM and actin. Confocal laser scanning microscopy (CLSM) was used to observe whether there is coexistence in the protein expression and correlation between CaM and actin. The main objective of this study was to provide the theoretical basis for further study of the biological characteristics of neuron-oriented directed differentiation of NSCs. transferred into a centrifuge tube; 0.25% trypsin was added followed by incubation at 37˚C for 25 min to digest; then DMEM/F12 serum-free medium was added to terminate the digestion. Mechanical force was used to disperse the cells which were then filtered by 4 layers of sterile gauze; cells were then centrifuged at 1,600 rpm/min for 5 min; the supernatant was discarded and DMEM/F12 serum-free medium containing 20 ng/ml bFGF, 20 ng/ml EGF, 1% N 2 supplement (all from Gibco, USA), 10,000 U/ml penicillin, 10,000 U/ml streptomycin (North China Pharmaceutical Company, Ltd., China) and 0.0014 ml/l diflucan (Pfizer, France) was added. Trypan blue staining was used to evaluate cell viability and the cell density in suspension was adjusted to 1-5x10 6 /ml, plated in 75 ml culture flasks and placed at 37˚C in a 5% CO 2 incubator. The culture medium was changed by half every two days. The cell morphology was observed using an inverted phase contrast microscope and the cell images were captured. Neurospheres formed after 7 days of primary culture with culture medium were collected into a centrifuge tube, centrifuged at 400 rpm for 5 min and resuspended into a single cell suspension by the above culture medium. Cells were again plated into culture flasks at the same density. Cells were passaged for a total of 4 generations. To induce differentiation of NSCs, a single cell suspension of NSCs was plated onto poly-L-ornithine coated dishes at a density of 2x10 4 cell/ml in the basic neurosphere medium with 10% FCS and 2 ng/ml BDNF and cultured for 7 days.
Materials and methods

Experimental
Histological analysis. Immunohistochemistry was performed to identify NSCs and neuron-oriented differentiation of NSCs. After NSCs were cultured for 7 days, the actively growing neurosphere suspension was dropped onto polylysine-treated coverslips and air-dried. To assess the expression of CaM and actin, the coverslips were taken out of culture capsules on Day 1, 3, 5 and 7 of the differentiation. Cells were then fixed by 4% paraformaldehyde for 20 min, washed with PBS solution containing 0.03% Triton X-100 for 10 min, rinsed by PBS again, immersed in 3% H 2 O 2 for 10 min, washed with PBS, blocked by normal goat serum and incubated at 4˚C overnight with one of the following primary antibodies: rabbit anti-rat nestin polyclonal antibody (1:200, Boster, Wuhan, China) for NSCs, rabbit anti-rat neuron-specific enolase (NSE) polyclonal antibody (1:400, Boster) for neurons, anti-rat CaM monoclonal antibody (1:2,000, Sigma, USA) and rabbit anti-rat actin polyclonal antibody (1:100, Boster). Then, the biotinylated secondary antibody and ABC complex (Boster) were added in sequence followed by development with DAB. The reaction time was controlled under a microscope. Samples were washed again by distilled water, dehydrated by series of alcohols, processed by xylene and sealed by Balsam neutral. The control group used PBS to replace the primary antibody with all other staining steps same as above. The Olympus optical microscope was used to observe the cells and to capture images.
Immunofluorescence double-labeling of CaM and actin.
Coverslips were taken out from the culture dishes on Day 1, 3, 5 and 7 of differentiation, fixed with 4% paraformaldehyde for 20 min, washed with PBS solution containing 0.03% Triton X-100, rinsed with PBS, blocked with normal goat serum and incubated with CaM (1:2,000) and actin (1:300) mixed antibodies at 4˚C overnight, followed by addition of Cy3-labeled anti-mouse IgG antibody (1:100, Gibco) and FITClabeled anti-rabbit IgG antibody (1:50, Boster) mixed secondary antibodies for 1 h, rinsed by PBS and sealed by 50% glycerol. Fluorescent signals were detected using a Nikon compound fluorescent microscope and a Nikon C1 Plus confocal microscope (Nikon, Japan).
Reverse transcription-polymerase chain reaction to detect CaM. Total-mRNA was extracted from differentiation of NSCs according to the instructions of the TRIzol kit. The primers designed by Shenggong Biotech Company (Shanghai, China) according to the serial numbers from GenBank are shown in Table Ⅰ . PCR was performed using Taq Dynazyme (Takara, Dalian, China) under standard conditions. The reaction was started at 94˚C for 4 min and amplification for CaM occured for 32 cycles of 94˚C for 30 sec, 58˚C for 30 sec, 72˚C for 40 sec, followed by 7 min final extension at 72˚C. β-actin mRNA was co-amplified with CaM mRNA as an internal control. The products were observed after electrophoresis on 1.2% agarose gel, and the density of each band was analyzed on the Gel Image Analysis System. The level of CaM mRNA was determined by calculating the density ratio of CaM mRNA/β-actin mRNA.
Statistical analysis. The positive products of CaM and actin in directed differentiation of NSCs into neurons were analyzed with the Motic Instruments Images Advanced 3.0 image analysis system. Under the microscope (x400), 50 cells were quantified in each group, and the average integral optical density (IOD) was determined. Differences between mean values of CaM or actin for different time points were analyzed using one-way ANOVA, and independent sample t-test was performed to detect the difference between mean values of CaM and actin at the same time points. The data are expressed as mean ± SD and the difference was considered significant at P<0.05.
Results
Identification of NSCs and directed differentiation of NSCs
into neuron. On Day 7 of culture, each colony included up to dozens to hundreds of cells. Colony forming units appeared as spherical, oval or morular shapes and grew in suspension (Fig. 1A) with good vitality. These cell colonies showed strong immunological reaction signals by nestin immunohistochemical staining (Fig. 1B) .
NSCs were dispersed by mechanical force and cultured in medium containing serum and induction factors. After 4 h, cells started to attach and some cells differentiated to possess neurites on Day 2. Among these differentiated cells, there were three types: some were larger cells, attached flat on the coverslip, with many thick neurites; these cells had a large quantity. The second type of cells were smaller, with fewer but very long neurites, highly refractive and a part of which sat upon the larger cells; there was a small quantity of these cells. The last type of cells were the smallest and fewest, with relatively short and thin neurites ( Fig. 2A) . Immunohistochemical staining showed that some of these directed NSCs were NSE-positive (Fig. 2B) .
CaM immunocytochemical staining. During the directed differentiation of cerebral cortical NSCs into neurons, on the first day, cell bodies were small, and neurites were short. CaM proteins were mainly located in and around nucleus (Fig. 3A) . On the Days 3, 5 and 7 of differentiation, as the cells grew, cell bodies became bigger, and neurites became longer and more plentiful. A positive expression of CaM proteins was observed in both the cytoplasm and in neurites, which increased as the neurites extended. We could see segmental positive expression products extending to the extremities of the neurites. However, the positive reaction of the nucleus was weaker than that on the first day (Fig. 3B-D) . The average integral optical density value of CaM during the different stages of directed differentiation of cerebral cortical NSCs into neurons is shown in Fig. 3E .
Actin immunocytochemical staining.
Actin positive staining shown as brown granulations were located in the cytoplasm of neurons, especially around the nucleus. However, there was no expression of actin in the nucleus. On the first day after differentiation, actin was expressed mainly around the nucleus, and pinosomes were seen in the cytoplasm (Fig. 4A) . However, with maturation of cells, on Day 3 and 5, actin was expressed both in the cytoplasm and in neurites. It was more strongly expressed around the nucleus, and its distribution near the base of neurites appeared to be reticular (Fig. 4B) . On Day 7 after differentiation, cells were nearly mature. The expression of actin was even more increased around the nucleus, and the brown positive reaction was darker. The filiform cytoskeleton was arranged in parallell in the cytoplasm and extended into neurites ( Fig. 4C and D) . On Days 1, 3, 5 and 7, the quantity of expression gradually increased, and there were significant differences in actin protein expression (P<0.01) (Fig. 4E) .
Co-expression of CaM and actin in differentiating neurons.
In the same sample, excitation by different wavelengths of monofluorescence can reveal the existence and distribution pattern of red fluorescent CaM (excitation wavelength of 543 nm) and green fluorescent actin (excitation wavelength of 488 nm) in neurons. They showed a similar localization distribution. Specifically, at the early stage of differentiation, these two proteins concentrated inside the nucleus and at the vicinity of the nucleus (Fig. 5) . With the maturation of neurons, the fluorescence gradually extended into the cytoplasm and neurites of the continuously differentiating neurons (Figs. 6-8 ). These two fluorescence signals largely co-localized in the cytoplasm and neurites and overlapped with each other. However, in some cases, they showed independent existence without overlapping, suggesting the correlation between CaM and actin.
Expression of CaM and actin mRNA. The representative gel pattern of CaM assessed the level of CaM mRNA normalized to the β-actin mRNA level. The level of CaM mRNA showed a significant up-regulation on Day 3, 5 and 7 compared with that on the first day after differentiation (Fig. 9 ).
Discussion
NSCs are multipotent with the ability of self-renewal. They can differentiate into neurons, astrocytes and oligodendrocytes (8) . Currently, the regular methodology is to use a combination of FGF-2 and EGF co-factors to culture NSCs in vitro (9) (10) (11) (12) . In this study, we used the same method to culture NSCs and confirmed the cell identify using immunohistochemical staining for nestin, a protein that disappears along with the differentiation and maturation of the neural epithelium (13) (14) (15) (16) . CaM has been proven to be a versatile Ca 2+ -binding protein and exists in neural cells in a large quantity (17) (18) (19) . In the nervous system, CaM participates in many important biological functions while multiple activities of neural cells are subject to the regulation by Ca 2+ -CaM signaling (17) . Previous studies have proven that CaM plays important roles in many biological processes, such as early development of neurites, regulation of microtubule formation, neuron metabolism, axoplasmic transport, synaptic transmission and neurotransmitter synthesis, release and transport (20) (21) (22) (23) .
As a cytoskeletal protein, actin plays a key role in maintaining the mobility of the neuronal growth cones (24) (25) (26) (27) . Our results confirmed that in the process of neuron-oriented rat cerebral cortical NSC differentiation, the expressions of CaM and actin were in accordance with each other, they extended into the neurites and even in the duck-web like lamellipodia corresponding to the growth and development of Orange fluorescence appeared both around the nucleus and at the neurite terminus. However, they also showed independent existence without overlapping within part of the process.
neurons, which was shown both under CLSM and by immunohistochemistry. These results suggest that the role of actin in neurite development is modulated by CaM. At the early stage of neuron-oriented cerebral cortical NSC differentiation, the relationship between CaM and actin was closely related to the robust neuron functional activities. At the early developmental stage of neural cells, an increase in intracellular free Ca 2+ concentration affected the initiation of cell migration and the connection between cells, which maintained cell morphology of the neuron and promoted the extension of neurites. However, those functions executed by Ca 2+ needed the involvement of CaM (28) . In addition, Ca 2+ was a very effective regulator in which it could significantly affect the structure and function of actin (29) . Ca 2+ -CaM have been shown to be related to the assembly and disassembly of tubulin, thereby affecting the polymerization/depolymerization of microfilaments, the dynamic change and balance which are important regulatory factors for cell movement, attachment and the cell division cycle (28) . Therefore, actin determined the active movement of lamellipodia and filopodia in neuronal growth cones subjected to the influence of Ca 2+ -CaM, so that filopodia and lamellipodia were able to extent leading to the growth and extension of axons (30) . This study only observed the co-expression of actin and CaM in the early stage of differentiating neural cells. However, how CaM affects the impact of actin on growth cones, as well as whether this similar expression pattern exists at late stages of neuronal differentiation, are still subject to study.
